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(54) Method and apparatus for printing high 
light modulators 



resolution images using multiple reflective spatial 



(57) An apparatus and method of printing images 
onto a photosensitive media (140) using multiple reflec- 
tive spatial light modulators (87, 88, 89, 90, 95, 97). In 
the apparatus and method, illumination optics uni- 
formize and image light from at least one light source 
(20) through polarization beamsplitting elements (60, 
63). The polarization beamsplitting elements (60, 63) di- 
vide the illumination light into two polarization states. 
One polarization state of the illumination light illuminates 
the reflective spatial light modulators (87, 88, 89, 90, 95, 
97) in a telecentric manner. The reflective spatial light 



modulators (87, 88, 89, 90, 95, 97) are addressed with 
image data signals. The reflective spatial light modula- 
tors (87, 88, 89, 90, 95, 97) modulate the polarized illu- 
mination light on a site by site basis and reflect the mod- 
ulated light back through the polarization beamsplitting 
elements. The modulated light beams are combined to 
form an image, which is directed through a print lens 
assembly (1 1 0) to expose a photosensitive media (1 40) . 
The position of the spatial light modulators (87, 88, 89, 
90, 95, 97) can be changed, and a new image can be 
printed. 
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Description 

[0001 ] The invention relates generally to a method for 
spatially and temporally modulating a light beam and 
more specifically to forming a high resolution image on 
photosensitive media. 

[0002] Image recording systems write digital data on- 
to photosensitive media by applying light exposure en- 
ergy. Such energy may originate from a number of dif- 
ferent sources and may be modulated in a number of 
different ways. Image recording systems can be used 
for digital printing, whereby digital image data is used to 
print an image onto photographic paper or film. 
[0003] One of the early methods used for digital print- 
ing was cathode ray tube (CRT) based systems. In a 
CRT based printer, the digital data is used to modulate 
a CRT, which provides exposure energy by scanning an 
electron beam of variable intensity on a phosphorescent 
screen. This technology has several limitations related 
to the phosphor and the electron beam. The resolution 
of this technology is inadequate when printing a large 
format image, such as 8 inch by 10 inch photographic 
prints. CRT printers also tend to be expensive, which is 
a severe shortcoming in cost sensitive markets such as 
photoprocessing and film recording. An additional limi- 
tation is that CRT printers do not provide sufficient red 
exposure to the media when operating at frame rates 
above 10,000 prints per hour. 

[0004] Another commonly used approach to digital 
printing is the laser based engine shown in U.S. Patent 
No. 4,728,965. Digital data is used to modulate the du- 
ration of laser on-time or intensity as the beam is 
scanned by a rotating polygon onto the imaging plane. 
Such raster scan systems use red, green, and blue la- 
sers. Unfortunately, as with CRT printers, laser based 
systems tend to be expensive, since the cost of blue and 
green lasers remains quite high. Additionally, there is 
limited availability of compact lasers with sufficiently low 
noise levels and stable output for accurate, artifact-free 
imaging. 

[0005] Due to reciprocity failure, photographic paper 
and film media are not suitable for color imaging when 
using a laser light source. High intensity reciprocity fail- 
ure is a response phenomenon by which both photo- 
graphic paper and film are less sensitive when exposed 
to high intensity light for a short time period. For exam- 
ple, raster scan laser printers expose each pixel within 
an image frame for a fraction of a microsecond, whereas 
optical printing systems expose the full image frame on 
paper or film for a longer duration, typically on the order 
of seconds. Thus, special paper and film are required 
for laser printers. 

[0006] In an effort to reduce cost and complexity of 
printing systems, as well as avoid reciprocity failure, al- 
ternative technologies have been considered for use in 
digital printing. Among suitable candidate technologies 
under development are two-dimensional spatial light 
modulators. 



[0007] Two-dimensional spatial light modulators, 
such as the digital micro mirror device (DMD) from Texas 
Instruments, Dallas, Texas, or a liquid crystal device 
(LCD) can be used to modulate an incoming optical 
5 beam for imaging. A spatial light modulator can be con- 
sidered essentially as a two-dimensional array of light- 
valve elements, each element corresponding to an im- 
age pixel. Each array element is separately addressable 
and digitally controlled to effect image modulation by 
10 manipulating the polarization state of light, thereby al- 
lowing or blocking transmission of incident light from a 
light source. Polarization considerations are, therefore, 
significant to the overall design of support optics for a 
spatial light modulator. 
15 [0008] There are two basic types of spatial light mod- 
ulators currently in use. The first type developed was 
the transmission spatial light modulator which, as its 
name implies, operates by selective transmission of an 
incident optical beam through individual array elements. 
20 The second type, a later development, is a reflective 
spatial light modulator. As its name implies, the reflec- 
tive spatial light modulator, operates by selective reflec- 
tion of an incident optical beam through individual array 
elements. A suitable example of an LCD reflective spa- 
25 tial light modulator relevant to this application utilizes an 
integrated Complimentary Metal Oxide Semiconductor 
(CMOS) backplane, allowing a small footprint and pro- 
viding improved uniformity characteristics. 
[0009] Spatial light modulators provide significant ad- 
30 vantages in cost, as well as avoiding reciprocity failure. 
Spatial light modulators have been proposed for a vari- 
ety of different printing systems, from line printing sys- 
tems such as the printer disclosed in U.S. Patent No. 
5,521 ,748, to area printing systems such as the system 
35 disclosed in U.S. Patent No. 5,652,661 . 

[001 0] A single spatial light modulator such as a Texas 
Instruments digital micromirror device (DMD) disclosed 
in U.S. Patent No. 5,061,049, can be used for digital 
printing applications. One approach to printing using the 
40 Texas Instruments DMD, shown in U.S. Patent No. 
5,461,411 , offers advantages such as longer exposure 
times using light emitting diodes (LED) as a source. 
Thus, reciprocity problems associated with photosensi- 
tive media exposed for short periods are eliminated. 
^5 However, DMD technology is expensive and DMD de- 
vices are not widely available. Furthermore, DMDs are 
not easily scaleable to higher resolutions, and the cur- 
rently available resolution is not sufficient for all digital 
printing needs. 

so [0011] Several photographic printers using commonly 
available LCD technology are described in U.S. Patent 
Nos. 5,652,661, 5,701,185, and 5,745,156. Most of 
these designs utilize a transmissive LCD modulator 
such as those depicted in U.S. Patent Nos. 5,652,661 
55 and 5,701 ,185. While such methods offer several ad- 
vantages in ease of optical design for printing, there are 
several drawbacks to the use of conventional transmis- 
sive LCD technology. 
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Transmissive LCD modulators generally have reduced 
aperture ratios. Thin Film Transistors (TFT) on glass 
technology does not yield the pixel to pixel uniformity 
required in many printing and film recording applica- 
tions. Furthermore, in order to provide large numbers of 
pixels, many high resolution transmissive LCDs have a 
large physical footprint. With footprints of several inch- 
es, such devices can be difficult to adapt when com- 
bined with a lens designed for printing or film recording 
applications. As a result, most LCD printers using trans- 
missive technology are constrained to either low reso- 
lution or small print sizes. 

[001 2] To print high resolution 8 inch by 1 0 inch imag- 
es with at least 300 pixels per inch requires 2400 by 
3000 pixels. Similarly, to print high resolution images on- 
to film requires at least 2000 by 1500 pixels, and can 
require as much as 4000 by 3000 pixels. Transmissive 
LCD modulators with sufficient resolution for such print- 
ing applications are not readily available. Furthermore, 
the grayscale depth needed for each pixel in order to 
uniformly render a continuous tone print over the frame 
size is not available with this technology. 
[0013] The use of a reflective LCD serves to signifi- 
cantly reduce the cost of the printing system. Further- 
more, the use of an area reflective LCD modulator sets 
the exposure times at sufficient length to minimize or 
eliminate reciprocity failure. The progress in the reflec- 
tive LCD device field made in response to needs of the 
projection display industry have provided opportunities 
in printing applications. Thus, a reflective LCD modula- 
tor designed for projection display can be incorporated 
into a printer design with little modification to the LCD 
itself. Also, designing an exposure system and data path 
for a printer using an existing projection display device 
allows incorporation of an inexpensive commodity item 
into the print engine. 

[0014] For printing applications, the most suitable re- 
flective LCD devices incorporate a small footprint with 
an integrated CMOS backplane. The compact size 
along with the uniformity of drive offered by such a de- 
vice translates into better image quality than is available 
using other LCD technologies. There has been progress 
in the projection display industry towards incorporating 
a single reflective LCD, primarily because of the lower 
cost and weight of single device systems. See, for ex- 
ample, U.S. Patent No. 5,743,612. Of the LCD technol- 
ogies, the reflective LCD with a silicon backplane can 
best achieve the high speed required for color sequen- 
tial operation. While this increased speed may not be as 
essential to printing as it is for projection display, higher 
speeds can be utilized to incorporate additional gray- 
scale and uniformity correction into printing systems. 
[0015] The recent advent of high resolution reflective 
LCDs with high contrast in excess of 100:1, presents 
possibilities for printing that were previously unavaila- 
ble. See, for example, U.S. Patent Nos. 5,325,137 and 
5,805,274. Specifically, a printer may be based on a re- 
flective LCD modulator illuminated by a lamp, by lasers, 



or by an array of red, green, and blue light emitting di- 
odes. The reflective LCD modulator may be sub-aper- 
tured and dithered in two or three directions to increase 
the resolution. 

5 [0016] Reflective LCD modulators have been widely 
accepted in the display market. Most of the activity in 
reflective LCD modulators has been related to projec- 
tion display, such as is disclosed in U.S. Patent No. 
5,325,137. Several projector designs use three reflec- 
10 tive LCD modulators, one for each of the primary colors, 
such as the design shown in U.S. Patent No. 5,743,61 0. 
[0017] It is instructive to note that imaging require- 
ments for projector and display use (as is typified in U. 
S. Patent Nos. 5,325,137; 5,808,800; and 5,743,610) 
15 differ significantly from imaging requirements for digital 
printing onto photographic paper or film. Projectors are 
optimized to provide maximum luminous flux to a 
screen, with secondary emphasis placed on character- 
istics important in printing, such as contrast and resolu- 
te tion. To achieve the goals of projection display, most op- 
tical designs use high intensity lamp light sources. Op- 
tical systems for projector and display applications are 
designed for the response of the human eye, which, 
when viewing a display, is relatively insensitive to image 
25 artifacts and aberrations and to image non-uniformity, 
since the displayed image is continually refreshed and 
is viewed from a distance. However, when viewing print- 
ed output from a high-resolution printing system, the hu- 
man eye is not nearly as forgiving to artifacts and aber- 
30 rations and to non-uniformity, since irregularities in op- 
tical response are more readily visible and objectionable 
on printed output. It is instructive to note that the gamma 
for human eye response when viewing projected imag- 
es in a dark room is approximately 0.8. In contrast, the 
35 gamma when viewing printed output in normal lighting 
is approximately 1 .6. As a result, small artifacts are more 
easily visible in printed images than in projected images, 
complicating the task of providing uniform exposure en- 
ergy for printing applications. It is also instructive to note 
40 that projectors are typically designed for presentation of 
motion images. With motion images, due in part to var- 
ying image content and artifact motion, image variations 
are not easily perceptible to the human eye. This is in 
contrast to stationary images, in which artifacts tend to 
45 be stationary and, therefore, more visible. 

[001 8] Even more significant differences between the 
projection and printing imaging environments are differ- 
ences in resolution requirements. Adapted for the hu- 
man eye, projection and display systems are optimized 
so for viewing at typical resolutions such as 72 dpi or less, 
for example. Apparatus used for printing onto photo- 
graphic paper or film must achieve much higher resolu- 
tion, particularly apparatus designed for micrographics 
applications, which can be required to provide 8,000 dpi 
55 for some systems. Resolution of a printed image can be 
enhanced by image displacement, by dithering, or by 
performing multiple exposures. The short time interval 
that exists between the display of different images 
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makes increasing the resolution by using these tech- 
niques impractical. Thus, while LCD spatial light modu- 
lators can be used in a range of imaging applications for 
projection and display to high-resolution printing, the re- 
quirements for supporting optics can vary significantly. 
[0019] A preferred approach for digital printing onto 
photographic paper and film uses a reflective LCD 
based spatial light modulator. Liquid crystal modulators 
can be a low cost solution for applications requiring spa- 
tial light modulators. Photographic printers using com- 
monly available LCD technology are disclosed in U.S. 
Patent Nos. 5,652,661 ; 5,701 ,185; and 5,745,156. 
[0020] Although the present invention primarily ad- 
dresses use of reflective LCD spatial light modulators, 
references to LCDs in the subsequent description can 
be generalized, for the most part, to other types of spa- 
tial light modulators, such as the previously noted Texas 
Instruments DMD device. 

[0021] Primarily because of their early development 
for and association with screen projection of digital im- 
ages, spatial light modulators have largely been adapt- 
ed to continuous tone (contone) color imaging applica- 
tions. Unlike other digital printing and film recording de- 
vices, such as the CRT and laser based devices men- 
tioned above that scan a beam in a two-dimensional pat- 
tern, spatial light modulators image one complete frame 
at a time. Using an LCD, the total exposure duration and 
overall exposure energy supplied for a frame can be var- 
ied as necessary in order to achieve the desired image 
density and to control media reciprocity characteristics. 
Advantageously, for printing onto photographic paper 
and film, the capability for timing and intensity control of 
each individual pixel allows an LCD printer to provide 
grayscale imaging. 

[0022] Modulator printing systems can incorporate a 
variety of methods to achieve grayscale. Texas Instru- 
ments employs a time delayed integration system that 
works well with line arrays as shown in U.S. Patent Nos. 
5,721,622, and 5,461,410. While this method can pro- 
vide adequate gray levels at a reasonable speed, how- 
ever, line printing Time Delayed Integration (TDI) meth- 
ods can result in registration problems and soft images. 
Alternate methods have been proposed particularly 
around transmissive LCDs such as the design present- 
ed in U.S. Patent No. 5,754,305. 
[0023] Dithering has been applied to transmissive 
LCD systems as one way to correct for a less than per- 
fect fill factor. Incorporating dithering into a reflective 
LCD printing system would allow high resolution printing 
while maintaining a small footprint. Also, because the 
naturally high fill factor present in many reflective LCD 
technologies, dithering action can be omitted with no 
detriment to the continuity of the printed image. 
[0024] Alternative forms of optical dithering are used 
to improve resolution in display systems incorporating 
LCD modulators. For example, a calcite crystal or other 
electro-optic birefringent material can be used to opti- 
cally shift the path of an image beam, where the degree 



of shift is dependent on polarization characteristics of 
the image. This allows shifting one component of an im- 
age with respect to a second component of the image 
that has a different polarization. See U.S. Patent Nos. 
5 5,71 5,029 and 5,727,860. In addition to the use of bire- 
fringent material, U.S. Patent No. 5,626,411 employs 
the principle of refraction with isotropic optical media 
having different indices of refraction used to displace 
one image component from a second image compo- 
10 nent. These methods of beam displacement are used in 
a dynamic imaging system and serve to increase reso- 
lution by interlacing raster lines in order to form two lines 
of sub-images. The two sub-images are imaged faster 
than is perceivable to the human eye, so that the indi- 
'5 vidual images are integrated into a composite image as 
seen by the observer. While these methods are appro- 
priate for projection imaging systems, they are not suit- 
able for a static imaging system such as printing. 
[0025] While the reflective LCD modulator has ena- 
20 bled low cost digital printing on photosensitive media, 
the demands of high resolution printing have not been 
fully addressed. For many applications, such as imaging 
for medical applications, resolution is critical. Often, the 
resolution provided by a single reflection LCD modulator 
25 js insufficient. It then becomes necessary to form an im- 
age by merging multiple images in order to create a sin- 
gle high-resolution image. It is preferable to form such 
a merged image without artifacts along border areas or 
in regions where image data overlaps. While juxtapos- 
30 ing or spatially interweaving image data alone may have 
been attempted in previous applications, such superpo- 
sition of images with the use of reflective LCDs provides 
images of high quality without compromising the cost or 
productivity of the print engine. Further, by utilizing po- 
35 larization based modulation, a print engine can utilize 
light already available in the optical system. 
[0026] Juxtaposing or spatially interweaving image 
data has been attempted with some success in projec- 
tion displays. U.S. Patent No. 5,715,029, describes a 
40 method to improve resolution of a display by altering the 
beam path using a birefringent medium such as a calcite 
crystal or an electro-optic liquid crystal cell. For projec- 
tion applications using a transmissive LCD, Philips Cor- 
poration deflects the beam path by using birefringent el- 
^5 ements as is disclosed in U.S. Patent No. 5,727,860. 
Another method, using isotropic optical elements to jux- 
tapose or spatially interweave images in a projection 
display using a transmissive LCD, is described in U.S. 
Patent No. 5,626,411. 
50 [0027] Thus, it is desirable to have a low cost, high- 
resolution, high speed method for digital printing onto a 
photosensitive media that avoids reciprocity failure and 
preserves adequate grayscale. 

[0028] It is an object of the present invention to pro- 
55 vide a method and apparatus for printing images onto a 
photosensitive media using multiple reflective spatial 
light modulators. It is a further object of the invention to 
provide for a high pixel density image at the photosen- 
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sitive media exposure plane. The present invention is 
directed at overcoming one or more of the problems set 
forth in the background of the invention. 
[0029] Briefly, according to one aspect of the inven- 
tion, imaging light from at least one light source is di- 
rected through at least one uniformizing optics assem- 
bly and through a plurality of polarizing beamsplitter el- 
ements to create a telecentric illumination at the plane 
of each reflective spatial light modulator in a digital print- 
ing system comprising a plurality of reflective spatial 
light modulators. Each reflective spatial light modulator, 
in turn, comprises a plurality of modulator sites in two 
dimensions. Upon being addressed with image data sig- 
nals, each reflective spatial light modulator modulates 
the polarized illumination light on a site by site basis and 
reflects the modulated light back through the polarized 
beamsplitting elements. The modulated light beams are 
combined to form an image, which is directed through 
a print lens to expose a photosensitive media. The po- 
sition of the spatial light modulators can be changed, 
and a new image can be printed. 
[0030] In one embodiment of the invention, a first spa- 
tial light modulator is located on a portion of a first facet 
of a first polarization beamsplitter and a second spatial 
light modulator is located on a portion of a second facet 
of the first polarization beamsplitter. A third spatial light 
modulator is located on a portion of a first facet of a sec- 
ond polarization beamsplitter and a fourth spatial light 
modulator is located on a portion of a second facet of 
the second polarization beamsplitter. A fifth spatial light 
modulator is located on a portion of a first facet of a third 
polarization beamsplitter and a sixth spatial light modu- 
lator is located on a portion of a second facet of the third 
polarization beamsplitter. 

[0031] The plurality of spatial light modulators can be 
distinct in their operation with respect to wavelength of 
illumination, drive voltage, temperature, image data ad- 
dressing signal, or aspect ratio. Additionally, in order to 
improve contrast, polarization elements may be incor- 
porated on at least one facet of the polarization beam- 
splitting elements in the printing system. 
[0032] In another embodiment of the present inven- 
tion, a first reflective spatial light modulator and a sec- 
ond reflective spatial light modulator are illuminated in 
a telecentric manner by a first light source. A third re- 
flective spatial light modulator and a fourth reflective 
spatial light modulator are illuminated in a telecentric 
manner by a second light source. Afifth reflective spatial 
light modulator and a sixth spatial light modulator are 
illuminated in a telecentric manner by a third light 
source. 

[0033] In yet another embodiment of the present in- 
vention, each light source is activated using a series of 
pulses of varying amplitude and duration to provide illu- 
mination of varying light levels to the plurality of reflec- 
tive spatial light modulators. In this way, the available 
grayscale of the reflective spatial light modulators is ex- 
tended. 



[0034] In a further embodiment of the invention, at 
least one of the spatial light modulators is moved to mul- 
tiple distinct locations displaced at a predetermined dis- 
tance, the distance a function of the reflective spatial 
5 modulator site size, in order to create multiple images. 
This approach, referred to as dithering, provides addi- 
tional resolution at the image plane. The movement of 
each of a plurality of spatial light modulators can be syn- 
chronized. 

10 [0035] In an additional embodiment of the invention, 
the print lens assembly can be switched from an assem- 
bly that magnifies a complete image onto photosensitive 
media to an assembly that demagnif ies the complete im- 
age onto photosensitive media. Thus, a small print area 

15 can be created with a demagnif ication print lens assem- 
bly, and a larger print area can be created with a mag- 
nification print lens assembly. 

[0036] In another embodiment of the invention, a blur 
filter can be located in the path of the modulated light 
20 beam. The blur filter sufficiently alters the modulated 
output light beam in order to blur each pixel of an image 
which is exposed on a photosensitive media, thereby 
making it difficult to distinguish any pixel from its neigh- 
boring pixels. 

25 [0037] In a further embodiment of the invention, color 
sequential illumination results in at least three distinct 
color images. 

[0038] In an additional embodiment of the invention, 
multiple images are printed monochromatically. 

30 [0039] In another embodiment of the invention, multi- 
ple images are printed simultaneously. 
[0040] In yet another embodiment of the invention , the 
illumination source is switchably either monochromatic 
or polychromatic, based on illumination requirements of 

35 a particular photosensitive medium. 

[0041] A primary advantage of the present invention 
is the ability to produce high resolution images without 
perceptible reciprocity failure. Furthermore, a reflective 
LCD modulator is sufficiently fast so that a printer ac- 

40 cording to the present invention can create grayscale 
images without using time delayed integration. For this 
reason, an apparatus according to the present invention 
can effectively mask image artifacts using image super- 
position without introducing substantial mechanical or 

45 electrical complexity. The bulk of artifact reduction takes 
place in software algorithms designed for image correc- 
tion. 

[0042] The illumination system has been described 
with particular reference to a preferred embodiment uti- 

50 nzing LEDs as the light source. It is understood that al- 
ternative light sources and modifications thereof can be 
effected within the scope of the invention. 
[0043] The invention and its objects and advantages 
will become more apparent in the detailed description 

55 of the preferred embodiment presented below. 

[0044] Figure 1 is a schematic view of a reflective spa- 
tial light modulator based printing system using six re- 
flective LCD modulators. 
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[0045] Figure 2 is a schematic view of a reflective spa- 
tial light modulator based printing system using six re- 
flective LCD modulators and three blur filters. 
[0046] Figure 3 is a schematic view of an alternate 
embodiment of a reflective spatial light modulator based 
printing system using six reflective LCD modulators and 
three independent light sources. 
[0047] Figure 4 is a schematic view of a reflective spa- 
tial light modulator based printing system using three in- 
dependent light sources, six reflective LCD modulators, 
and three blur filters. 

[0048] Figure 5 is a schematic view of an alternate 
embodiment of a reflective spatial light modulator-based 
printing system using six reflective LCD modulators and 
six prisms. 

[0049] Figure 6 is a schematic view of an alternate 
embodiment of a reflective spatial light modulator-based 
printing system using six reflective LCD modulators and 
six prisms with six blur filters. 

[0050] Figures 7a and 7b are a top plan view and a 
side view in cross section, respectively, of a reflective 
LCD modulator. 

[0051] Figures 8a-8d illustrate the effect of dithering 
an un-apertured spatial light modulator using four dis- 
tinct image positions. 

[0052] Figure 9 shows a spatial light modulator with a 
temperature control device located behind it. 
[0053] Figure 10 is a plan view of an LED array fol- 
lowed by a lenslet array. 

[0054] The present description will be directed in par- 
ticular to elements forming part of, or in cooperation 
more directly with, an apparatus in accordance with the 
present invention. It is understood that the elements not 
shown specifically or described may take various forms 
well known to those skilled in the art. 
[0055] In Figure 1 , a printing apparatus 1 0 has a light 
source 20 which produces imaging light. The light is im- 
aged through illumination system 25 containing a uni- 
formizing optics assembly 45 to produce a uniformized 
light 122. A condenser lens 70 provides essentially tel- 
ecentric illumination for modulation. Uniformized light 
122 impinges on a beamsplitting element 60 which, in 
a color imaging system, may be a dichroic beamsplitter. 
A first color component 129 is reflected by a mirror 65 
towards a first polarization beamsplitter 82. First polar- 
izing beamsplitter 82 separates first color component 
129 into a first polarization state and a second polariza- 
tion state. A first spatial light modulator 95 is illuminated 
by the first polarization state of first color component 1 29 
in a telecentric manner. A second spatial light modulator 
88 is illuminated by the second polarization state of first 
color component 129. First spatial light modulator 95 is 
addressed with a first image data signal, and second 
spatial light modulator 88 is addressed with a second 
image data signal. Reflective spatial light modulators 88 
and 95 each comprise a plurality of modulator sites in 
two dimensions. Upon being addressed with the first im- 
age data signal, first reflective spatial light modulator 95 



modulates the first polarization state of first color com- 
ponent 129 on a site by site basis and reflects a first 
color modulated light 134 back through first polarization 
beamsplitter 82. Upon being addressed with the second 
5 image data signal, second reflective spatial light modu- 
lator 88 modulates first color component 129 having a 
second polarization state on a site by site basis and re- 
flects the modulated light back through first polarization 
beamsplitter 82. 

10 [0056] A second beamsplitting element 63 separates 
a second light component 124 to form a second color 
component 126. A second polarization beamsplitter 84 
directs a first polarization of second color component 
126 to a third spatial light modulator 97 in a telecentric 

15 manner. A fourth spatial light modulator 89 is illuminated 
by the second polarization state of second color com- 
ponent 126 in a telecentric manner. Third spatial light 
modulator 97 is addressed with a third image data sig- 
nal; fourth spatial light modulator 89 is addressed with 

20 a fourth image data signal. Reflective spatial light mod- 
ulators 89 and 97 comprise a plurality of modulator sites 
in two dimensions. Upon being addressed with the third 
image data signal, third reflective spatial light modulator 
97 modulates the incident light on a site by site basis 

25 and reflects the modulated light back through second 
polarization beamsplitter 84. Upon being addressed 
with the fourth image data signal, fourth reflective spatial 
light modulator 89 modulates the incident light on a site 
by site basis and reflects the modulated light back 

30 through second polarization beamsplitter 84. 

[0057] A third polarization beamsplitter 80 separates 
a third light component 128 into a first polarization state 
and a second polarization state. A fifth spatial light mod- 
ulator 90 is illuminated by the first polarization state of 

35 third light component 1 28 in a telecentric manner. A sixth 
spatial light modulator 87 is illuminated by the second 
polarization state of third light component 128 in a tele- 
centric manner. Fifth spatial light modulator 90 is ad- 
dressed with a fifth image data signal; sixth spatial light 

40 modulator 87 is addressed with a sixth image data sig- 
nal. Reflective spatial light modulators 87 and 90 com- 
prise a plurality of modulator sites in two dimensions. 
Upon being addressed with the fifth image data signal, 
fifth reflective spatial light modulator 90 modulates inci- 

45 dent light on a site by site basis and reflects the modu- 
lated light back through the third polarization beamsplit- 
ter 80. Upon being addressed with the sixth image data 
signal, sixth reflective spatial light modulator 87 modu- 
lates incident light on a site by site basis and reflects the 

so modulated light back through third polarization beam- 
splitter 80. 

[0058] The modulated first, second, third, fourth, fifth, 
and sixth light beams, only beams 134, 136, and 138 
are shown in Figure 1 , are directed through a combiner 
55 element 86, such as an X-cube, cross-prism, or dichroic 
prism, capable of combining the first, second, third, 
fourth, fifth, and sixth modulated light beams. For mon- 
ochromatic light sources, dichroics are not used. For 
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polychromatic systems, dbhroics are quite useful. A 
print lens assembly 110 directs the combined light to a 
photosensitive media 140 at a media plane 130. 
[0059] It should be noted that the specific positioning 
of a spatial light modulator 87, 88, 89, 90, 95, or 97 with 
respect to a polarization beamsplitter 80, 82, or 84, is a 
function of required extinction ratio from the beamsplit- 
ter and of the preferred mode of operation of combiner 
element 86. Depending on the specific polarization 
beamsplitter type and combiner, and on coatings em- 
ployed by each device, the paired spatial light modula- 
tors 90 and 87, 95 and 88, or 97 and 89 may be disposed 
as shown in Figure 3, on alternate facets of their respec- 
tive polarization beamsplitters 80, 82, and 84, respec- 
tively. 

[0060] In one aspect of the invention, a broadband 
light source is divided into red, green, and blue light 
components, perhaps through color filters or acolor filter 
wheel. Red light is directed through the first polarizing 
beamsplitter. 

[0061] Referring again to Figure 1, in one aspect of 
the invention, a broadband light source is divided into 
red, green, and blue light components, possibly using 
color filters such as beamsplitters 60, 63, 65 or using a 
color filter wheel. Red light is directed through first dich- 
roic beamsplitter element 60 and reflected from mirror 
65 and illuminates first and second reflective spatial light 
modulators 95 and 88 in a telecentric manner. First and 
second reflective spatial light modulators 95 and 88 are 
addressed with image data for the red portion of a color 
image and first color component 129 is red light. The 
red light is modulated by each spatial light modulator 95 
and 88 and is reflected back through first polarization 
beamsplitter 82. Similarly, green light is directed through 
the second beamsplitting element 63 and illuminates 
third and fourth reflective spatial light modulators 97 and 
89 in a telecentric manner. Third and fourth reflective 
spatial light modulators 97 and 89 are addressed with 
image data for the green portion of a color image. The 
green light is modulated by each spatial light modulator 
97 and 89 and is reflected back through second polari- 
zation beamsplitter 84. Blue light is directed through 
third polarization beamsplitter 80 and illuminates fifth 
and sixth reflective spatial light modulators 90 and 87 in 
a telecentric manner. Fifth and sixth reflective spatial 
light modulators 90 and 87 are addressed with image 
data for the blue portion of a color image. The blue light 
is modulated by each modulator 90 and 87 and is re- 
flected back through third polarization beamsplitter 80. 
The modulated red, green, and blue light beams are 
combined and directed through print lens assembly 1 1 0 
to expose photosensitive media 1 40 at media plane 1 30. 
[0062] In Figure 2, printing apparatus 1 0 has addition- 
al first, second, and third biurfilter elements, 75, 77, and 
73, respectively. Blur filters 75, 77, and 73 operate by 
providing multiple images of each pixel, where images 
can be positioned at an offset with respect to each other. 
In Figure 2, the first and second modulated light com- 



ponents are passed through first blur filter element 75 
to form a first blurred light component. The third and 
fourth modulated light components are passed through 
second blur filter 77 to form a second blurred light com- 

5 ponent. The fifth and sixth modulated light component 
is passed through third blur filter 73 to form a third 
blurred light component. The first, second, and third 
blurred light components are directed towards combiner 
element 86, which combines the components to form a 

10 complete image. The complete image is directed 
through print lens assembly 110 to expose photosensi- 
tive media 140. 

[0063] The suggested locations for blur filter element 
75, 77, and 73 placement are appropriate only if the blur 

*5 filter is not itself polarization sensitive. If a polarization 
sensitive blur filter is employed, a single filter can be 
placed at a position 79 in Figure 2. Alternately, a blur 
filter could also be positioned following print lens 110, at 
a position 81 . It may also be advantageous to rotate a 

20 blur filter, thus moving the secondary spot formed by the 
filter, possibly as a function of time or of color. 
[0064] As an alternative embodiment, Figure 3 is a 
schematic view of a reflective spatial light modulator- 
based printing system using six reflective LCD modula- 

25 tors and three independent light sources 20, 22, and 26. 
In a best mode printing system, light sources 20, 22, and 
26 would be switchable between red, green, or blue pri- 
mary colors. For example, each light source 20, 22, or 
26 could be an array of red, green, and blue LEDs, pos- 

30 sibly followed by a lensiet array, as shown in Figure 10. 
In Figure 10, the red LEDs 51 , are followed by a row of 
green LEDs 53, and row of blue LEDs with a lensiet ar- 
ray 50 superimposed. Each light source 20, 22, or 26 
could emit one of the primary colors (red, green, or blue), 

35 but could be switched such that each might emit only 
red light, for example. This allows the illumination of the 
printing system to be matched to the sensitivity charac- 
teristics of photosensitive media 140. 
[0065] In Figure 3, a first light source 20 directs a first 

40 wavelength of light towards uniformizing optics assem- 
bly 45 to produce uniformized first wavelength light as 
uniformized light 122. First light source 20 can be an 
array of LEDs, at least one laser, or a broadband light 
source with filters which allow the first wavelength of 

45 light to be transmitted. The uniformized first wavelength 
light, as uniformized light 122, is directed towards third 
polarization beamsplitter 80. Third polarization beam- 
splitter 80 divides the incident light into two different po- 
larization states. One polarization state of light is direct- 

50 ed towards fifth reflective spatial light modulator 90 to 
create an essentially telecentric illumination at fifth spa- 
tial light modulator 90. The second polarization state of 
light is directed towards sixth reflective spatial light mod- 
ulator 87 to create an essentially telecentric illumination 

55 at sixth reflective spatial light modulator 87. Fifth spatial 
light modulator 90 is addressed by a first signal to create 
a first modulated light beam, which is passed back 
through the third polarization beamsplitter 80. Sixth re- 
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f lective spatial light modulator 87 is addressed by a sec- 
ond signal to create a second modulated light beam, 
which is passed back through third polarization beam- 
splitter 80. 

[0066] Referring again to Figure 3, a second light 
source 22 directs a second wavelength of light towards 
a uniformizing optics assembly to produce second uni- 
f ormized wavelength of light as second color component 
126. Second light source 22 can be an array of LEDs, 
at least one laser, or a white light source with filters 
which only allow a second wavelength of light to pass. 
The uniformized second wavelength of light is directed 
towards a second polarization beamsplitter 84. Second 
polarization beamsplitter 84 divides the second wave- 
length of light into two different polarization states. One 
polarization state of the second wavelength light is di- 
rected towards third reflective spatial light modulator 97 
to create a telecentric illumination at third spatial light 
modulator 97. The second polarization state of the sec- 
ond wavelength light is directed towards fourth reflective 
spatial light modulator 89 to create a telecentric illumi- 
nation at fourth spatial light modulator 89. Third modu- 
lator 97 is addressed by a third signal to create a third 
modulated light beam, which is passed back through 
second polarization beamsplitter 84. Fourth modulator 
89 is addressed by a fourth signal to create afourth mod- 
ulated light beam, which is passed back through second 
polarization beamsplitter 84. 

[0067] A third light source 26 directs a third wave- 
length of light towards a uniformizing optics assembly 
to produce a uniformized third wavelength of light. The 
third illumination source can be an array of LEDs, at 
least one laser, or a broadband light source with filters 
which only allow the third wavelength of light to pass. 
The uniformized third wavelength of light is directed to- 
wards first polarization beamsplitter 82. First polariza- 
tion beamsplitter 82 divides the third wavelength light 
into two different polarization states. One polarization 
state of third wavelength light is directed towards first 
reflective spatial light modulator 95 to create a telecen- 
tric illumination at first spatial light modulator 95. The 
second polarization state of third wavelength light is di- 
rected towards second reflective spatial light modulator 
88 to create a telecentric illumination at second spatial 
light modulator 88. First modulator 95 is addressed by 
a first signal to create a first modulated light beam, which 
is passed back through first polarization beamsplitter 
82. Second spatial light modulator 88 is addressed by 
a second signal to create a second modulated light 
beam, which is passed back through first polarization 
beamsplitter 82. The first, second, third, fourth, fifth, and 
sixth modulated light beams are directed towards com- 
biner element 86 which combines the beams to form a 
complete image. The complete image is directed 
through print lens assembly 110 to expose photosensi- 
tive media 140. 

[0068] In Figure 4, printing apparatus 1 0 has addition- 
al first, second, and third blur filter elements. The filters 



blur the image such that each individual modulator site 
would not be visible on exposed photosensitive media 
140. In Figure 4, the first and second modulated light 
components are passed through first blur filter element 

5 75 to form a first blurred light component. The third and 
fourth modulated light components are passed through 
second blur filter element 77 to form a second blurred 
light component. The fifth and sixth modulated light 
components are passed through third blur filter element 

10 73 to form a third blurred light component. The first, sec- 
ond, and third blurred light components are directed to- 
wards combiner element 86, which combines the com- 
ponents for form a complete image. The complete im- 
age is directed through a print lens assembly to expose 

15 photosensitive media 140. 

[0069] Light sources 20, 22, and 26 of printing appa- 
ratus 10 in Figures 1-4 can be one or more lamps, one 
or more lasers, or a two-dimensional array of red, green, 
and blue LEDs. Light sources 20, 22, and 26 can be 

20 color or monochromatic. Types of light sources 20, 22, 
and 26 may include, but are not limited to: an array of 
monochromatic LEDs, one or more lasers, or a white 
light source with filters which only allow one color of light 
to pass. In the best mode of the printing system, the light 

25 source is switchable between monochromatic and poly- 
chromatic light. For example, if the illumination source 
contained an array of red, green, and blue LEDs, the 
red LEDs could be illuminated exclusively. This allows 
adjustment of characteristics of the light source, suited 

30 to the photosensitive media to be exposed. For exam- 
ple, a photosensitive media may be designed to be pri- 
marily sensitive to red light, while other types of photo- 
sensitive media may be designed to be sensitive to the 
visible light spectrum. If a monochromatic light source 

35 js used, a cross-prism may be used to divide the mon- 
ochromatic light into three components, rather than sep- 
arate the light into the primary red, green, and blue com- 
ponents. 

[0070] The light source is mapped by uniformizing op- 

40 tics assembly 25 to cover the area of the reflective spa- 
tial light modulator. Uniformizing optics are designed to 
provide uniform and telecentric illumination to the mod- 
ulator planes of the spatial light modulators. The design 
is unique to printing applications because, as is noted 

45 above, the requirements for uniformity of illumination 
and uniformity of image are far more stringent in printing 
than in projection display. The tolerance to roll-off at the 
edges of the illuminator is much greater in projection 
than in printing. The telecentricity is required to maintain 

so the uniformity of the image at the image plane because 
of constraints on spatial light modulator operation. This 
aspect of the invention sets It apart from systems gen- 
erally used for projection display. If the light impinging 
is not telecentric, then modulation across the different 

55 angles of incident light is not uniform which will lead to 
a severe degradation in contrast. 
[0071] In a color printing system, where first, second, 
and third light sources 20, 22, and 26 may be red, green, 
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or blue light, the printer can include color and polariza- 
tion controlling filters for the enhancement and control 
of color and contrast. These filters may include a polar- 
izer placed in the illumination path between the lamp 
and the polarizing beamsplitter cube and/or a polarizer 
placed between the polarizing cube and the print lens 
for additional polarization control and for contrast en- 
hancement. Filters can also be placed between the re- 
flective LCD modulators and the prism assembly. 
[0072] First, second, and third polarization beamsplit- 
ters 82, 84, and 80 of Figures 1-6, referred to in general 
for the purposes of this application as an optics assem- 
bly, may be replaced by other components. For exam- 
ple, the optics assembly may comprise a pellicle or a 
wire grid polarizer. 

[0073] In Figures 1-4, first spatial light modulator 95 
is located on a portion of a first facet of first polarization 
beamsplitter 82. Second spatial light modulator 88 is lo- 
cated on a portion of a second facet of first polarization 
beamsplitter 82. Third spatial light modulator 97 is locat- 
ed on a portion of a first facet of second polarization 
beamsplitter 84, and fourth spatial light modulator 89 is 
located on a portion of a second facet of second polar- 
ization beamsplitter 84. Fifth spatial light modulator 90 
is located on a portion of a first facet of third polarization 
beamsplitter 80, and sixth spatial light modulator 87 is 
located on a portion of a second facet of third polariza- 
tion beamsplitter 80. 

[0074] Each polarization beamsplitter has such char- 
acteristics as to reflect the s-polarized light component 
but transmit the p-polarized light component. However, 
each polarization beamsplitter may have reversed char- 
acteristics. 

[0075] The light incident upon the reflective spatial 
modulators must be linearly polarized, but light reflected 
having the same polarization is to be excluded from the 
image forming beam. Application of a voltage to the re- 
flective spatial light modulators causes a rotation of po- 
larization. The light of polarization rotated relative to the 
incident beam is selected for forming the image upon 
the image plane. This is achieved by use of the polari- 
zation beamsplitter cube designed for use over a wide 
range of wavelengths of the visible light spectrum and 
over a suitable range of angular divergence of the beam, 
typically a number of degrees. 

[0076] Because polarization beamsplitter elements 
may not provide adequate extinction between s-polari- 
zation state of light (not shown) and p-polarization state 
of light (not shown), an optical linear polarizer may be 
incorporated prior to each polarization beamsplitter el- 
ement. Linear polarizers can be used to isolate the po- 
larization state parallel to the axis of each polarization 
beamsplitter element. This serves to reinforce the po- 
larization state determined by each polarization beam- 
splitter element, decrease leakage light and thereby in- 
crease the resulting contrast ratio. Light of the s-polari- 
zation state passing through each polarization beam- 
splitter element is directed to the plane of a respective 



spatial light modulator, which are reflective LCDs in the 
preferred embodiment. The p-polarization state is 
passed through polarization beamsplitter elements. 
[0077] Referring to Figure 5, there is shown a sche- 

5 matic view of an alternate embodiment of a reflective 
spatial light modulator-based printing system using six 
reflective LCD modulators and six prisms. For the ar- 
rangement of Figure 5, light source 20 and uniformizing 
optics 25 provide uniformized light 122 to polarization 

10 beamsplitter 280. Two similar assemblies are provided 
for light modulation, one for each polarization state of 
uniformized light 122 as separated by a polarization 
beamsplitter 280. The operation of one of these assem- 
blies is described in detail; the other assembly works in 

is similar fashion. A first prism 1 00 has an internal reflec- 
tion surface 106. A second prism 108 has an internal 
reflection surface 1 02. First and second prisms 1 00 and 
108 separate the incident light into a first light compo- 
nent 228, a second light component 229, and a third light 

20 component 226. Third light component 226 is directed 
through a third prism 1 04 to third spatial light modulator 
97. Similarly, second light component 229 is directed to 
second spatial light modulator 88. First light component 
228 is directed through first prism 1 00 to first spatial light 

25 modulator 290. 

[0078] With the angular displacement of prisms 1 00, 
104, and 108 shown in Figure 5, and with appropriate 
dichroic coatings, the prisms provide the necessary sep- 
aration of light components for modulation. In addition, 

30 each prism 100, 104, and 108 recombines modulated 
light reflected from each of the corresponding spatial 
light modulators 290, 88, and 97. In the preferred em- 
bodiment, prisms 1 00, 1 04, and 1 08 cooperate to divide 
broadband incident light into red, green, and blue (RGB) 

35 light components. Each light component is then directed 
to a specific spatial light modulator 290, 88, or 97 in a 
telecentric manner. The resulting modulated red, green, 
and blue light beams are combined in polarization 
beamsplitter 280 and directed toward print lens assem- 

40 bly 110 for writing onto photosensitive media 140. The 
arrangement of Figure 5 allows multiple RGB channels, 
or any arrangement of single-color or multiple-color 
channels of modulated image data for printing. 
[0079] Figure 6 is a schematic view of an alternate 

45 embodiment of a reflective spatial light modulator-based 
printing system using six reflective LCD modulators and 
six prisms with the same basic arrangement as shown 
in Figure 5 with six blur filters added, one in position 
ahead of each spatial light modulator. As described 

so above, blur filters operate to blur the modulated image 
light so that individual modulator sites are indistinguish- 
able from their neighboring sites on exposed photosen- 
sitive media 140. 

[0080] The alternative arrangements of Figures 5 and 
55 6 may use any of a number of types of light sources, as 
enumerated above. The arrangement of Figures 5 and 
6 allows optimization of light source type for the photo- 
sensitive media 140 selected. Uniformizing optics and 
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telecentricity requirements noted above for Figures 1 -4 
also apply in general to the configurations of Figures 5 
and 6. 

[0081] It must be noted that positions of beamsplitter 
components and their coatings determine the precise 
polarization states directed and transmitted by these 
components. Different placement or coatings may result 
in different polarization states at different parts of the 
optical systems described above. 
[0082] Figures 7a and 7b show a top view and a side 
view respectively of a reflective LCD modulator 390 as 
used in the present invention. The reflective LCD mod- 
ulator consists of a plurality of modulator sites 392. Each 
modulator site 392 is individually modulatable. Referring 
to Figure 7b, light passes through a top surface 52, a 
liquid crystal material 54, is reflected off a back plane 
56 of modulator 390, and returns through modulator 
390. If modulator site 392 is "on" or bright, during the 
round-trip through reflective LCD modulator 390, the po- 
larization state of the light is rotated. In an ideal case 
the polarization state of the light is rotated 90 degrees. 
However, this degree of rotation is rarely easily 
achieved. If a given modulator site 392 is "off" or dark, 
the polarization state of the light is not rotated. The light 
that is not modulated is not passed straight through the 
polarized beamsplitter but is redirected away from the 
photosensitive media 140 plane by the polarized beam- 
splitter. It should be noted that the polarization state of 
the light that is rotated by reflective LCD modulator 390 
may become elliptically polarized, however, upon pass- 
ing through a linear polarizer, the light will regain a lin- 
early polarized state. 

[0083] The most readily available choice for reflective 
polarization based spatial light modulators is the reflec- 
tive LCD modulator. Such modulators, originally devel- 
oped for use in projection display, can have resolutions 
as high as 4000 x 2000 modulator sites. Currently, res- 
olutions of 1900 x1200 are available with footprints as 
small as 0.78 inches diagonal. These high resolution re- 
flective LCD modulators are often twisted nematic LCDs 
or homeotropically aligned reflective LCD modulators. 
Other types of reflective LCD modulators, such as fer- 
roelectric modulators, are often employed in projection 
display. Some of the key characteristics of these LCDs 
are: high resolution; high contrast (> 100:1) in all three 
primary colors; a fast frame rate of 70 frames per second 
or higher; and high aperture ratio, i.e. greaterthan 90%. 
In addition, the incorporation of a CMOS backplane in- 
creases the uniformity across the array. The LCDs are 
also capable of producing an eight bit grayscale either 
through pulse width modulation or through analog oper- 
ation. In either case data may be introduced digitally to 
the printing system. These characteristics ensure that 
the reflective LCD modulator is an excellent choice for 
use in a reflective printing system. 
[0084] The reflective LCD modulator printing system 
can be designed in a number of different configurations. 
A low cost system utilizing six reflective LCD modulators 



can provide greater throughput of high resolution prints 
than a single reflective LCD system, while still avoiding 
reciprocity failure problems. An LCD modulator may be 
either specifically designed for color sequential use, of- 
5 ten incorporating a faster backplane and slightly differ- 
ent liquid crystal compositions, or it can be a single chip 
with a 60 to 70 frames per second backplane. The latter 
option is sufficient for printing because the high frame 
rates are not a necessity and often reduce the bit depth 

to of the resulting image. However, while many liquid crys- 
tals are the same basic crystal for all three primary color 
wavelengths, sometimes, either due to the specific ap- 
plied voltage or the liquid crystal thickness, operation 
may differ in the three wavelengths. Specifically, for a 

15 given liquid crystal composition, depth, and applied volt- 
age, the resulting polarization rotation on an incident 
beam may vary with wavelength. The efficiency and 
contrast of the modulation will vary among the three 
colors. This optical system is designed to image and 

20 pass light with a rotated polarization state. However, the 
degree of rotation will vary as a function of wavelength. 
In the bright, or "on" state, this difference in rotation will 
affect the efficiency of the system. In other words, the 
percentage of incident light that is actually modulated 

25 and imaged on the media plane will vary. This difference 
in wavelength efficiency can be accounted for by varying 
the illumination strength, and exposure time. Also, the 
media requires different power densities in the different 
wavelengths. More significant problems arise in the dark 

30 or "off state." In this state, the polarization state of the 
light is not rotated and should not be directed thought 
the polarizing beamsplitter and imaged. If the polariza- 
tion state of the light is in fact rotated, light will leak 
through the imaging system and decrease the contrast. 

35 [0085] The reflective spatial light modulators con- 
tained in the printing system can be selected such that 
each modulator advantageously handles a particular 
primary color of light. For instance, one modulator would 
be more effective at modulating red light, while another 

40 modulator would be more effective at modulating green 
light, and the third modulator would be more effective at 
modulating blue light. However, if the printing system is 
constructed such that it is necessary to switch from mon- 
ochromatic to polychromatic light, it would be desirable 

45 to have multiple spatial light modulators having an es- 
sentially equal response to visible light. If the media is 
more strongly sensitive in one color than another, it may 
be advantageous to use four or five modulators instead 
of six. For instance, two red modulators may be used 

50 while only one in the blue or green channel. Architectur- 
ally all that would be required would be to delete or turn 
off one modulator in the blue and/or green channel. 
[0086] In systems that utilize more than one reflective 
LCD modulator, each of the reflective LCD modulators 

55 js distinct, and the activation voltage may differ between 
any two modulators. Ideally, the behavior of multiple re- 
flective LCD modulators is identical, but processing dif- 
ferences may necessitate tuning the modulators inde- 
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pendently. Additionally, because polarization rotation is 
not perfect at the modulator, care must be taken in the 
addressing scheme to allow adequate modulation at 
each device. 

[0087] Print lens assembly 1 1 0 may either magnify or 
demagnify the complete color image. For example, de- 
magnification is necessary when photosensitive media 
1 40 is photographic film, which may range in widths from 
16mm to 70mm. Magnification is necessary when pho- 
tosensitive media 140 is photographic paper. In the best 
mode of the invention, print lens assembly 110 would be 
switchable on command between providing magnifica- 
tion or demagnif ication relating to a given image size at 
the image plane. Thus, it is possible for printing appa- 
ratus 10 to create images corresponding to different 
print sizes. Ideally, the illumination and modulator as- 
semblies remain unaltered and a different arrangement 
of print lens assembly 110 is partitioned. 
[0088] Because printing is not a real time application, 
features and methods designed to enhance system op- 
eration are available that would not be possible in a real 
time, or direct viewing application. 
[0089] Specifically, time consuming features such as 
dithering can be employed. Additionally, color balancing 
and image quality becomes a property of the imaging 
system in conjunction with the media on which the im- 
age is viewed. It is the composite image that is viewed, 
so the proportion and intensity of light imaged, is deter- 
mined by the media. What would be considered a good 
image in a direct view projector is unacceptable in a 
print. Similarly, a good printed image may be unsuitable 
for projection. 

Composite image 

[0090] Creating a balanced composite image com- 
prised of several images provides many challenges both 
in grayscale generation as well in elimination of artifacts. 
When multiple spatial light modulators such as LCDs 
are employed, each LCD transmission and grayscale 
profile must be mapped. The image data transmitted to 
each LCD must reflect the characteristics of that device, 
and for the illumination of the system. For example, re- 
ferring back to Figure 1 , first spatial light modulator 95 
may have higher transmission characteristics than the 
second or third spatial light modulators 88 or 97. The 
corresponding image data sent to first spatial light mod- 
ulator 95 must reflect the discrepancy and balance it out. 
There are several ways to balance such a discrepancy. 
First, each device can be loaded with its own electro- 
optic response curve. The top surface of LCD and back- 
plane of LCD voltages can be set independently. The 
code values can be mapped differently to the two devic- 
es. For example, code value 200 for first spatial light 
modulator 95 may actually be a shorter pulse duration 
in a pulse width scheme or a lower drive voltage in an- 
alog scheme than code 200 for second spatial light mod- 
ulator 88. If second spatial light modulator 88 does not 



have an equal transmission characteristic to first spatial 
light modulator 95, or the net light level reaching or de- 
parting second spatial light modulator 88 is lower than 
that of first spatial light modulator 95, such correction in 
5 voltage would be required. Each device will require its 
own grayscale calibration. It is possible for devices that 
are mapping 14-1 6 bit tables to an 8 bit device, and then 
the same driver board may be employed, with different 
mappings of the two devices. In the case of interwoven 
images, this balancing is the primary adjustment. 

Nonuniform ity 

[0091 ] A digital printing system must also correct non- 
uniformities in an image. Referring back to Figure 7a, 
the exposure system can correct for some non-uniform- 
ities such as roll-off at modulator 390 edges. One way 
to accomplish this is to introduce additional image data 
to modulator 390 activating only modulator sites 392 at 
edges. These images are exposed and superimposed 
on the other images thus giving additional depth to the 
edge regions. For example, a series of images taken at 
six reflective LCD modulators could be scanned, data 
maps created, and all input data with initial maps of the 
six reflective LCD modulators combined to correct the 
image. Similar techniques can be used to adjust for 
modulator non-uniformities that are known prior to op- 
eration. 



[0092] A digital printing system must also be con- 
cerned with image quality and the presence of artifacts. 
In the case of juxtaposition of images, the image data 
35 needs to reflect the grayscale, the device uniformity, and 
the regions of overlap need to be balanced with the non- 
overlapped regions of the image. 
[0093] In digital printing systems utilizing multiple 
LCDs, the grayscale in the region of overlapped or in- 
40 terwoven images needs to be established as a function 
of multiple devices. This may require a different electro- 
optic curve for that region or simply a different mapping 
of code values. Such an algorithm may require use of 
multiple exposures to isolate overlap data from non- 
45 overlap data. If this is not possible the image data should 
be adjusted or offset such that the composite image pro- 
duces the same grayscale as non-overiapped regions. 



[0094] Dithering may be used to increase the inherent 
LCD resolution and to compensate for modulator site 
392 defects. A dithering pattern for a standard high ap- 
erture ratio reflective spatial light modulator is shown in 
55 Figures 8a-8d. 

[0095] To dither a full aperture reflective spatial light 
modulator is to image the spatial light modulator at one 
position, and reposition the reflective spatial light mod- 
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ulator a fraction of a modulator site distance away and 
image. In so doing, multiple copies of the same images 
are created and overlapped. By overlapping multiple im- 
ages, the system acquires a redundancy that corrects 
for modulator site failure or drop out. Furthermore, in- 
terpolating or updating the data between positions in- 
creases the effective resolution. 
[0096] Referring to the example dithering scheme de- 
picted in Figures 8a-8d, the reflective spatial light mod- 
ulator 230 is first positioned at a first modulator position 
240 and modulator sites are imaged (Figure 8a). Reflec- 
tive spatial light modulator 230 is then imaged at a sec- 
ond modulator position 250. Reflective spatial light mod- 
ulator 230 is then displaced one-half modulator site lon- 
gitudinally from previous second modulator position 
250, which means it is diagonally displaced from initial 
first modulator position 240 to a third modulator position 
260 (Figure 8d). Modulator sites 230, 250, and 260 are 
illuminated and the media exposed again. Reflective 
spatial light modulator 230 is then moved to a fourth 
modulator position 270 that is laterally displaced from 
third modulator position 260 (Figure 8c). Photosensitive 
media 140 is then exposed at this position. 
[0097] Using this pattern, there is effectively a fourfold 
increase in the amount of data written. This serves to 
increase image resolution and provide means to further 
sharpen images. Alternately, with a high aperture ratio, 
it may be sufficient to simply dither in one diagonal di- 
rection. For example, from first modulator position 240 
shown in Figure 8a to third position modulator 260 
shown in Figure 8c in order to achieve suitable results. 
[0098] Dithering requires motion of the modulator in 
two directions. Each increment of motion is approxi- 
mately between 5u.m and 20u.m for a typical reflective 
LCD modulator. In orderto achieve this incremental mo- 
tion, many different actuator or motion assemblies can 
be employed. For example, the assembly can use two 
piezo-electric actuators per modulator. 
[0099] In an alternate embodiment for dithering, re- 
quiring minimum modification to a reflective LCD device 
designed for projection display, the device can be sub- 
apertured. In an effort to markedly increase resolution, 
the modulator can contain an aperture ratio that is rela- 
tively small. Ideally this aperture must be symmetrically 
placed within each modulator site 392 (Figure 7a). The 
result is modulator site 392 for which only a fraction of 
the area transmits light. 

[0100] Printing apparatus 10 is capable of achieving 
sufficient uniformity while retaining the grayscale per- 
formance. The reflective spatial light modulators alone 
can receive up to 8 bits of bit depth. However, 8 bits to 
the modulator may not translate to 8 bits at the media. 
Furthermore, LCD modulators are known to exhibit 
some measure of roll-off or loss of contrast at the edges 
of the device. To print an adequate grayscale range and 
provide additional bit depth, it is possible to create a sin- 
gle image at the photosensitive media as a super-posi- 
tion of a series of images. The individual images that 



comprise the final image can vary both in information 
content and illumination. 

[0101] it is possible to maintain the same image data 
at the reflective spatial light modulators and, by altering 
5 the illumination level from at least one light source, in- 
troduce additional bit depth. By varying the illumination 
level, (and/or duration), and by altering the data content 
controlling spatial light modulator, the printing apparatus 
can form a composite image out of a series of prelimi- 
10 nary images. The superposition of the images of varied 
information content and varied illumination level intro- 
duces additional bit depth to the composite image. 
[0102] If dithering is employed grayscale generation, 
uniformity correction, and artifact reduction should be 
is mapped as a function of the dither. Because of the digital 
addressability of the reflective LCD modulator and the 
pulsed LED method of illumination, this approach to 
printing provides an adequate bit depth and reasonable 
timing for use in a photographic printer. 
20 [0103] In orderto create a high resolution and reduce 
the additional time associated with dithering, pairs of 
spatial light modulators may be used to dither. For ex- 
ample, one spatial light modulator may dither an image 
in the x-direction, while another dithers the same image 
25 in the y-direction. Similarly, offset LCDs may dither 
along an axis perpendicular to the offset. The illumina- 
tion light for each modulator can be of equal intensity, 
and the image data for each modulator can be the same. 
In a color printing system two LCDs would modulate and 
30 dither the red light portion of a complete image in the x- 
and y-direction, two other LCDs would modulate and 
dither the green light portion of a complete image in the 
x- and y-direction, and an additional two LCDs would 
modulate and dither the blue light portion of a complete 
35 image in the x- and y-direction. Rapid printing of high 
resolution images may also be achieved by offsetting 
the position of a pair of reflective spatial light modula- 
tors. For instance, the resolution of the image printed 
onto a photosensitive media is increased when a first 
40 spatial light modulator is diagonally offset from a second 
spatial light modulator; a third spatial light modulator is 
diagonally offset from a fourth spatial light modulator; a 
fifth spatial light modulator is diagonally offset from a 
sixth spatial light modulator. 
45 [0104] The bit depth of the image printed onto a pho- 
tosensitive media can also increase by providing differ- 
ent amount of illumination to a pair of reflective spatial 
light modulators. For example, a pair of spatial light 
modulators, each addressed with the different image 
so data, can be illuminated with different intensity levels of 
light. These modulators may also be dithered In the x- 
and y-directions. In a color printing system, two LCDs 
would modulate and dither differing intensities of red 
light to form the red portion of a complete image, two 
55 other LCDs would modulate and dither differing intensi- 
ties of green light to form the green portion of a complete 
image, and an additional two LCDs would modulate and 
dither differing intensities of blue light to form the blue 
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portion of a complete image. 
Temperature Control 

[0105] When utilizing a spatial light modulator, care 5 
must be taken to ensure the proper operating conditions 
for the modulator. Many modulators and LCDs are sen- 
sitive to variations in temperature. In a printing system, 
a 1 0° C shift in temperature, can lead to a 1 0 code value, 
or 3 % reflectance shift in operation. When faced with 
temperature variations, there are two alternatives. One 
alternative is to recalibrate to account for changes. This 
maybe accomplished at a given time or temperature in- 
terval. The other alternative is to hold the temperature 
constant. Referring to Figure 9, the temperature of re- 
flective spatial light modulator 230 can be controlled by 
a temperature transducer 1 65 for either cooling or heat- 
ing the device. For example, a thermo-electric cooler 
may be mounted as temperature controller on the back 
of the device. Alternatively, a heater may be placed on 
the device. Reflective LCDs often operate faster, and 
more efficiently when warm. So, heating the device to a 
given temperature, and holding the temperature is a so- 
lution to thermal drift problems. 

[01 06] When heating or cooling the device, it is impor- 
tant to do so in a manner that does not introduce either 
stress or uneven thermal patterns to the device. In either 
case, variations in the operating condition of the device 
lead to image non-uniformities and calibration differenc- 
es. Aside from immediate issues with stress and tem- 
perature gradients, care must be taken to ensure that 
as the temperature of the surroundings and device 
change, that the thermal control methods do not expand 
and contract in manner that creates stress variations to 
the device. It is sometimes preferable to use a heater 
than a thermo-electric cooler to control the temperature 
of the device. It may also be necessary to defect correct 
or uniformity correct image data as a function of temper- 
ature. 

Intermediate Image Data 

[0107] When printing, there is a time between prints 
when the media is repositioned. Also, when printing 
color sequentially, there is a brief time between colors. 
It is advantageous to use these intermediate times to 
remove any residual images from the modulator. This 
can be accomplished in a variety of different ways. The 
modulator and/or the corresponding light source may be 
turned to an off or low state in the intermediate time. 
Alternatively, the modulator can be turned to a fully 
charged state, while the light source is off or shuttered 
off. This mode would allow use of the faster switching 
time associated with charging a capacitor. The modula- 
tor may be charged to any intermediate level. 
[0108] In a more complicated method of operation, 
the device may be loaded with data specific to prior or 
future image content to provide best operation. 
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[0109] Additionally, if the system is used in a color se- 
quential manner, the backplane voltages may need to 
vary as a function of color. The intermediate time is a 
good time to switch voltages such that the changes will 
settle out before the following image is refreshed in the 
device. 

Reduced Number of Modulators 

[01 1 0] It should be understood that the same system 
can be employed with 4 or 5 modulators. For instance, 
when a system is demanding in 1 color, that color branch 
would employ 2 devices while the other channels 1 de- 
vice each. Alternatively, two channels may require 2 de- 
vices while one channel uses only one. The optical ar- 
chitecture remains unchanged. 



Claims 

1 . A method of printing an image onto a photosensitive 
media comprising the steps of: 

imaging light from a light source through a uni- 
formizing optics assembly to form uniformized 
imaging light; 

separating said uniformized imaging light into 
a first light component, a second light compo- 
nent and a third light component; 
passing said first light component through a 
first polarization beamsplitter element to pro- 
duce a first polarization state of said first light 
component and a second polarization state of 
said first light component; 
passing said first polarized first light component 
to a first spatial light modulator to create a tel- 
ocentric illumination at said first spatial light 
modulator; 

passing said second polarized first light com- 
ponent to a second spatial light modulator to 
create a telecentric illumination at said second 
spatial light modulator; 

addressing said first spatial light modulator with 
a first signal to create a first modulated light 
beam and said second spatial light modulator 
with a second signal to create a second modu- 
lated light beam; 

passing said first modulated light beam and 
said second modulated light beam through said 
first polarized beamspiitting element; 
passing said second light component through 
a second polarization beamsplitter element to 
produce a first polarization state of said second 
light component and a second polarization 
state of said second light component; 
passing said first polarized second light com- 
ponent to a third spatial light modulator to cre- 
ate a telecentric illumination at said third spatial 
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light modulator; 

passing said second polarized second light 
component to a fourth spatial light modulator to 
create a telecentric illumination at said fourth 
spatial light modulator; 

addressing said third spatial light modulator 
with a third signal to create a third modulated 
light beam and addressing said fourth spatial 
light modulator with a fourth signal to create a 
fourth modulated light beam; 
passing said third modulated light beam and 
said fourth modulated light beam through said 
second polarized beamsplitting element; 
passing said third light component through a 
third polarization beamsplitter element to pro- 
duce a first polarization state of said third light 
component and a second polarization state of 
said third light component; 
passing said first polarized third light compo- 
nent to a fifth spatial light modulator to create a 
telecentric illumination at said fifth spatial light 
modulator; 

passing said second polarized third light com- 
ponent to a sixth spatial light modulator to cre- 
ate a telecentric illumination at said sixth spatial 
light modulator; 

addressing said fifth spatial light modulator with 
a fifth signal to create a fifth modulated light 
beam and addressing said sixth spatial light 
modulator with a sixth signal to create a sixth 
modulated light beam; 

passing said fifth modulated light beam and 
said sixth modulated light beam through said 
third polarized beamsplitting element; 
directing said first, second, third, fourth, fifth, 
and sixth modulated light beams toward a com- 
biner element; 

combining said first, second, third, fourth, fifth, 
and sixth modulated light beams with said com- 
biner element to form a complete image; and 
directing said complete image through a print 
lens assembly to expose said photosensitive 
media. 
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matic light and producing polychromatic light. 

7. A method according to claim 1, wherein said light 
source is a halogen light source. 

8. A method according to claim 1, wherein said light 
source is a broadband light source. 

9. A method according to claim 1, wherein said light 
source is a two dimensional array of red, green, and 
blue LEDs. 

10. A method according to claim 1, wherein said light 
source is at least one laser. 
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2. A method according to claim 1 , wherein said first *s 
light component is red light. 

3. A method according to claim 1 , wherein said second 
light component is green light. 



4. A method according to claim 1 , wherein said third 
light component is blue light. 



50 



5. A method according to claim 1 , wherein said light 
source is a monochromatic light source. 



55 



6. A method according to claim 1 , wherein said light 
source is switchable between producing monochro- 
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